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Recent studies in the field of nonlinear dynamics have shown that the motion of
a damped, driven pendulum transits between non-chaotic and chaotic states. This
has raised an important question to the field of human movement control: why are
human rhythmical movements apparently capable of avoiding chaos? In the present
study, it is hypothesized that readjustment of the stiffness with increasing movement
frequency in human rhythmical movement is necessary to maintain the order of rhyth-
mical movement avoiding chaotic states. In other words, movement-generated afferent
signals are used for readjustment of the stiffness so as to maintain the order of rhythmi-
cal movement. The stiffness change with increasing movement frequency was checked
experimentally using EMG signals. Subjects extended and flexed their elbow joints
rhythmically at frequency ranging from 1.0 to 3.0 Hz in step of 0.5 Hz. It was found
that the joint stiffness was readjusted with increasing forcing frequency. A simulation
study of the elbow joint motions confirmed that if the readjustment of the joint stiffness
was not done the stability of rhythmical movement was lost. These experimental data
and simulation data supported the hypothesis.

Keywords: joint stiffness (B&iZ 7 4 7 % X), movement-generated afferent signals
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SAEEN, PREMER, O TRT 5EMEES
XD ERGHEDRELTREL 25, 0L EHHILE
BEEIITRHREFLL TH LERNZ, HEHDOE
BEETTIRERLLTHL. CoZAERILF
BHERN LT3 E5IERIMEEFEHEINS
(1), ABFETITEBE & BICAEL B ZoRLHE
DEEEHR (R OEFB) ORBNEHT 5.

11 ROMESOBRE S HERHETT )LOMIL

EFVEIBROEUTH 55, FRET LR
OBROUTT & o THBOEFVHHFET 5. &
HEBOET) X7 IZBVTYH, HEERY, S P
The Role of Movement-generated Afferent Signals
during the Human Rhythmical Movement, by Nori-
masa Yamada and Masaki Abe (Laboratory of

Human Movement Sciences, Faculty of Education,
Hokkaido University).

MBERNO R OEEROM D FAIZO>WTRE D
RS HEEL P OMIL TB Y, 20 LA FEBKY
WRLEDEFNVEELSETVWREEDRS, flZ
i¥, Mott & Sherrington (1895) IZ BNV AEL
5 ROHEFEH (movement-generated afferent sig-
nals, MAS L 48%) 2*BI L 3 5 BB LETH S
EFRL 7. CoFEIR, AROEEEH, LIRIBE
NTORLHBRUTIEHEVEEREF NV TH Sl
ik e K LOMEROA v 7 ¥ 7 EF L (Kugler
& Turvey, 1987) ® Taga (1995a, 1995b) D #4T
YIal—TarEFNIRELEEIONS, —
75, Rothwell et al. (1982) &, R.Uo:HiE% Y)Wt
L7 B EOHNET 28R TEZ2 &R
5, FHENLBEIEIMASHELER W L ERT
Tz, CoRE, PRCHELCES TS T A%
RETHE—F =T PO—UBIRICBITZELD
HEBDOEF MBI LHEE R SRS (Schmids,
1982). %7z, ThHDfEkE L T, Polit & Bizzi
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H1 #HREHLIERLL TCOH. HIEHOEFRCL - TEH 2 REL EHZEZTHRGLLTH
LR, HFOEBZBXTHXERELTHL.

(1978, 1979) 2 & o THrbh 7RO IEZ LI KT
T AEHRIC BT BHEOFME L EB O HBERN
HbH. TOEBRTIE, FOMBOHEE 7 4 —F 1y
I ENIRETH OB BICEESMZOHN, B
BEaFCOMOBENEHII SNz, ZO/KR, Bk
B RO R BT O BT #3012 BEAAT 2L
T TELD, OB LB B2 &
nak, YRINEZENAHIESh THESIZFIE
EL, YR BELS S TR TR L Er#
TTAZENHLNIENT, IS DOERER,
5, ROHBRIIZEF SN EE T IS T LDER
CRBEOREERLTEERIN. ORI,
BRIDEB L ER SN EBOREICL D EF %
ZBRTHEFIVICENDLEEZZ LN S (Kawato et
al., 1987).

1.2 ¥ BHROEMLEHENCH T 3RO
bt

INFTHRRTELL I, FEEHBITL

MASDFRENZ DV TR > BRI R 6N 573,

YoEYIDX ) RFRGEORMEHESHCEL T
EMASHLELZVE W) ZAPIENTH-
(Wing & Kristofferson, 1973). ZhiIxtl, &4
EENOR/IMER AL L Z 2 Hh 5 BEEOR %
EHIBNTD MASHLETH LI L 2mBL
TF7E45 3 %E Billon et al. (1996)1C & o TiThih7-.
ok OB ML 22 b CROE RS
BELEE) LEELE P OSNRORBEICELE
B0 v ¥ VMR EL, ROEMETIE
BDY v ¥ 7 FOPHEIRER A LT A
BEPSOIE S DEDRBEEANL D RENI L &R
L7z, ZOERN S, Billon et al. I3 EBDORER
NELTHEV ) FEMLEHICBWTMASYH
WHNR TV L &R 72, ZoifsR, BisE
BB MASOLEREIEHL /-2 ) JNTE
BEThorEEZONS.

1.3 HEROKOHEEROB A EOMBEAREH
- EREFTEORE
MAS%# &3 287D % { i, Billon et al
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2 HEIECL 28R T 4y 732 A0, ERMIESE EREEG 2 B RENES 2 EEA (EX)
EMAOHEMZR SIS (BR) ©, FRIHNDEEZ 5. BEIGES ® 7356 EHoR %
ThbbAF 4y 7RANKEL 2V ESHAEED T VEL 200, WESEBARMEL L

BLTKESERT 5.

(1996) DOWFFED X H ITRLMEMES I Sz
M REWASHERE L L THWHR TV S, £0 X
I RWBEERVLI LN TELRRIIEONAT
BY, MAEBREZTLIIL THHEFEICRETH .
MASDOEY HFTETF ) Y 7L o TEELRDT
WBIL € & K DI REVEBRMIRHETE 5 EE %
RTLULERHLEEZON S,

1.3.1 FREHAEIOSOT AT (7

SHGEE) % Bl HgE L I RIC 5L &, #
T F D & ) H 2R~ 1E WA MASIZ G 3 5 28,
FOHMROUTEEE AV EBRTIE ZOFEHRD
EVREOWEREDOEFFRFTEINDIITH 5.
AR TIX, M2, SRS 5RO B THERO
RESLELRRREZRET 5 ERFE, Thabbil
HHRTHLHEREDT £ F 3 7 ADHEHRI
BRREHHT L PHEMRRICLELERERE
L, MASOREZ®RET45. 22T, HlHTIRT
HLHERROEHIBEH I b Y OREEH L E
RBIENTEDLIEDNS, Y FEBOZEM 5
FPREBREICL Y 252 TS, Gwinn &
Westervelt (1986) & Baker & Gollub (1990) iZ,
FEREHEOFEFHOTIR) TEBDY I 2L —
YarEiTe, IR FRELTHE NV OB
LIRD FHEOEFIRSBOBA;IRD FOEE
WCEDE ) RBEBEDLOTONE RN, FOK
£, BB V2 Bk BAREBES L 2w
HITIZIRY FI3ERE N v U EES % T
&3, B L CHBAMNEL D+ AMREICHBT 2
CEDBRBHOLIPIC R o, OB, FYES)
ZHERTHDIZABNLEEES NV AL S8

% ERBRICZ DIk Y FONERFETDH 5 EA RS
LB V7 ORFRBICISC TELS &5 L8H
HBHIELETRBRL TS,

1.3.2 BE#FOHZESH — BT v T %X
EvT AN OBERBE —

» 3 Ako BEAREIEIE, ZORIBOENET— 2
YMIE o THRET B4, BERFLOBMEEELE
HHILIZE-T, AEREBMREE/SELI LY
TEDL., LKLY AV FOME T Y O REEEE
BB, EEPOOREIZEHERTF v 7 &
ALFHEN D, COMBAT 41y 72 RARESHHE
HBOHOMENEOE GV TELSEL I LN TE
5. Thidfle LC, HEHoAEL2EZ 3 LK
TR & L= SES R RS S G A LT O
Haiik S EoBE T, FRICHHES 2 2 REE
BETZEHEBLLT WV (K2). 2D &) RIKET
1, WhEIUHE S A B AERD T &L
VA, MR KRB AIIEE E L TKRELE
35, ZDXHI, L bOMBIATF 1y 74 R
AETHY, WAIZEY A2 b OBREHREHED EIL
SHBILENTES.

1.3.3 EEAOREEF-LRRAEDRE
&Y FOEETIE, HENRTHIEY FOA
TAVTRAR—ETH S0, BEM VI ORK
BOPEARBELELRLIBRIZNONFHEALT
HF ARRBIZHER L 2. L Lad s FHEso
W&, WAL BEE T2 ANIGESHS TS
MR L 2 K AIRBHICH TS, 20
Z D OARMETIE, [ FFERL, BMEHXT1v7
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Kk 7 B C R &
[, ETEBD?

7)) & W)y (B EEY) OB &) FIXEES

IR TH o THRE L TEEAAA ZARBIZL S, LAL2oe b oMEESLEICAY

W RELHERTE 5.

AR BEIORBEBIIG L TRET A LICLDY
WA LR BB CRESFHERTES ] LI RHE
2RSS (M), COREBICELAEAT 4y 7
FADTEL, BETHET A P ORBEBIEL
2L HITONBLENHEIEDL, NV ER
A S5 HEHAAREE RO 22+ OEIRE
DOIERERBILENDHEHLEZLD. LA oT, &
DIRFZ EBRICRIES 52 & T, FEESHIC BT
LZMASOUBEMERTIENTELLEELZLNSD
(FooW L L <, HEMI2ToESHIRE
WIS MBI AT 1Y 7 A ARBRC S0 5 A1
LTWwaZeNEZLNA. THIZDOWTIZ4.3. 8
TEETS).

1.4 FFEOHB

AFFED B, RN FOFHTH LR
DFOEE)E ERDEKES (REBEICEI
MEID & AEB)IRRE) 2 BT 5 L) 1.3. 8T
RL I MASOMET A v, B
BRI & S e B BEEEENC BT 5 MASD
BEERTTLHIETH S,

2. B &
2.1 #WRE

BEREIIZ 2005 26 DL B F54, K
F120Et6 %% V.

22 ¥ B
EEu, HPEEESIHE 4 R R TRNICT

bhaZl, 2L TREREMIFECEEAT 1
TAANHEINDLZ L 2R T 5 HHTHIBE
DR E by OEBEEM & L CRTEIshA. &
CTEBRIAV 2 EBFEEE E DL SWOREAT
RETHONVREEE R BN, ZOEBROBMZ, B
K& 2 EBABEE HIBOBR AR E R -
TTH OB EE MR Sh 2 2 L #FET
22LThHb. ZIT, HHBRBEORBROE AR
Bl e & THEMTE 3 BBEEEESHICERRA
HTHw 2 BEEEREL 2. 7, FHEBREOHK
HLFBBORS 2EHIL, SHEBREORBIHOIE
€ — X2 I % Chandler et al. (1975) Df¥%
AWTHEL . Fhoofls b EARE M e
L7225, 1.0+0.05HzTh oz €512, BH#
BEOEIITRHIMRZ BMT 5 AEEENEL 728
$£33+03 HzThok. ThHilHTE, AFE
BCRATHMNESHORANE 1 Hz» 5 3H2 T
D05 Hz BB T B 5B L L 7.

EBROBB AR 4ICRT. FEBEOLEHRONE
BIlCAMLVA VY —=VRIDT=F A—=%—, ZL T
ERETE & R REICHER (LT EMG)
Bo_wtEmr &L, GRMONBESISET H
2L LD IINY FICERORBTEI . &
BB MCEEL 728 L EMEEO L b
EFHWCHEZEL, #EEFHEHL2EEL /2RET
EH RMEESTEL L HIIL 2. SORET
iR, S OB FIEHO LAY EDE L L)
CHEE T b ) OJRMES) (S8 T H2 5 ORi#E
) % 208 MiTbe. EEAMIZ1HzA 5 3 Hz
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H4 EBHR. #HREFIFACOLETHUEMORMERZTo72. ABREHEBLIUERFRIIOVT

ARSI,

FTO0S Hz BICHM S B BIRBOTICAbE
35 L EMGOHBLD - DIZ & hTHibi% iR
L1RBOF e R T o7 B, AEMIE+H
ZRBES 2. I=F A—%—L EMG&R» 5
DEFBEFIENENRAI LAY TV T LEMGT
v 7 (REEHUZ0.0180) THIEE, TV TR
BEBIkHz TFY ML ar Ea—% —IZ YA
ATZ.

2.3 BEHEOEE

AR TRRL IRFE 2 BETT 5120, Bk
IMCPEI BB R T 4y 7 2 ADELEERILT L
EZNDL. L2L 2D LEHFORAT AV THRAD
ERALIZ, EBT B LT AV MR MAB L
EXRHLHIENS, FOUEIEFECRETH S
(Bannett et al., 1992). ZZ TAMETIZ LB
HihE PG OBEERN O AT 4y 7 X ADH
Bz ERILT 2 HEE V5. COBRT
LHOEEH 5D AT 49 7 R ADHEEIL Feldman
(1980) iZ X > Tirbh T 2. ik, BAHES
O LR & ER=EHOMHES L REEELE
BAWTREL, ZhZhofhid BNoE80 Bk
TRBMICESZ 0 R L RIS, BEEDEMm
TR HEHHOBEHNEEI VAT Ay 7 F A05H
KIAHZEZ2HEL TW5. AETIE Feldman

DEBMER% X ) ERMICRETT 572010, BB
BOENTHEMT 2REOEHH» HBON 5 EMG
BEEHVTETORBEOEMGEST %200 5 112
BURALL, T ORE (GFRINEEEE L 40g) ¢/
WTH L EHBOmEIEE EBLL . D
BT, HREIHIERE (Sherrington, 1906) @
X IR MR EIC I A ETHAI0
LR, MEPEOEAVDHETIZERE R HEER
T. 2B, FIENIEAET BI85
ESOF— 5 Bk —L 7.

N
1=\/‘|eﬂxw|emaﬂa/N (1)

cow,
ewri 13, BRRORBETHBLSN - ZFHH DO EMG
B
epi 13, MARDEABTHBLSN-ZHEHO EMG
B5
N 35 RBoF— s ¥ERT.

3. # B

3.1 BAEROHER

X5 (f) IZHEBRE A DL RO BEHifA O
BMELERT. 2TORBICBV THRYIZE X
BB TH2. K5 (F) iCid ORBBNELRDE
BEBBITOMELE AT, £ETORBUTBVTHHERH
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LEZONTAEBICE—OY - 22550, ik
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Subj. least squares fit to an exponential function

correlation coefficient

A y = 0.20934 100701462 0.994485
B y = 0.18750 10087902 0.938616
C y = 0.29205 10056363 0.974679
D y = 0.42733 10041880 0.980816
E y = 0.34470 10058318 0.970052
F y = 0.21765 10°-77015= 0.983870

Tw5. RUIZETOHRE O RIMEREDE
BRBE A ) B MBI E L S & 2B 0E
PREMHEREERT. ETOHBREL D09 L
DEVHBARHTH 7.

4. & =

4.1 AT 1y 7 X AOWRICL 2 BEPEEIOHES

5 OB HEBBTORKERY &, SNEFFOREKE
NI —ART P NVOY — 27 2R BEED —FL
TEY, 2TOHBREL NE» HLE X SN FK
HCRAMINESiOEMES LT/ EX LN
5. LHL%HS, EBO M EEEm VY — 2
JEBO BB O/ T =L 72, Kay (1988)
IXEHEM BT L2ZOREROIES &R /A
XLLTEFMEL, Z0OHEL OBRE (FAE
Kelso ,1994) A%k  OMEOEHEFHz) I v M
AONT I8 =27 4L ABEREINELDEL
TEFMEL TS, Thbb, EEBEEEL
MBI LEIIL ) L XFMER T B L E

RBETNVTH S, FRIZBNTIE, TOFRER
DX HD ZDFERE FHICARFTL Z2vadd, Fhid A
T AT ARARENRTELVHAICAEL HHEHES)
NEBEEIRLEDLOTHEEEZLNS, ¥l
L, bLAT A v 7 ARMEITbIT MLV T DR
BEE T X2 b OBERBESHETHHE, K
i (4.2) THRET B L 912, FEBROSHERELRE
BRI —ANRZ P AR2ODE Y — T FRL,
E IRV ER B O/ =0T 28505 5
PHTHD. £oT, ATFAVTRADREL NS
FFREDO B O TAERER LM T 556
¥ — 27 B0 R EEFE O/ 7 =0 5KE L 3
HEBORERN R IN TV A EF-TRVEE
Abhb,

4.2 BREENEHFT 3 -HOROHERO®
B —23Iab—vailk bR —

T BRI P B ) DU H R AR S TR B B B L 2 3
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REELPICT LI L IIEETH 5728, HBEOEA
EATAY 7 FABANERTHILEIHALITS
5. L72AtoC, EHEEEE v BiEs %
METBDICATF 4y 7R ADBALT B2 LA
BCELLEVEB. RIS, TDRAF A7 F AZEAL
A HTBEER O SE BB B L CHEYIC bR T
L ARETADIC, AF A4y 7 FANEEK
BIMztE B el 2 WIHEOESHREO L I 21 —
YarETH. ¥, NEE$b ) ORiEOES
HRERE=—a2— b OBHUEHCTUTORT
£7.
I6 =T — 10 — k6 — lsin fmg (2)

CCZT, O HIBEER (BUBEIR D F & A RE) ASSRET
MEDFMELTHE (KT YEIELT ),
0 13fEEE, ZLC 0 3AMEEEZET. 72, k
EAT 497 R AR, r I THYEREERRE, T 1RThE
BORBEETH Y DEEE- X, TIZHBEE
BH I V2, IS S RO BOME T
TORERE, m XRMRY FOERE, 2L T g 3E
ImEEEFS. FhER) FOBREE-— AV, &
OALE, 2L THREHEBREBEOKEL HRE D LI
Chandler et al. (1975) DFREEFAVCHEL 7.

bV s Tk (2 REERTAHIENS, BT
DRTRIND.

T =16+ 16 + k0 + Isinfmg (3)

(3) R, WEBEAD 1.5 HOERATTHON D
F—IDHE 0, ThEREMTLTEORS §
L6, HtERE r EXF 4y 7R AEEk (r & k
BUTIEHS Y Ial—Yaritnib &g 52002
r=0.05 k=53%L7), #HBEAOEIETD
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YarTRMVY T 2 DTORBBEEGEBL 7.
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ELTUTOLHIckREN B,

Sep. 1999
5
'g 2.5
Z
Q
=
o
=t
ﬁ -2.5
-5
0.5 1.0
Time (s)
X8 HBIE V2 ORFEIEAL
w_,
dt
do 1 k mgl . A
T Iw_TG_T s1n0+7 cos
d
;§=wb (5)
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